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1. Introduction 

Rare earth elements (REE) have been identified as crucial and strategic natural resources. 

The demand for REE in the United States is increasing rapidly, especially as industrial compounds for 

novel electronic and green-energy products (e.g., USGS, 2011). REEs are relatively abundant in the 

Earth’s crust, but REE deposits with minable concentrations are uncommon. One recent study by Kato et 

al (2010) has pointed to the deep-sea REE-rich muds in the Pacific Ocean as a new potential resource. 

The formation of these muds is related to adsorption and concentration of REE from seawater by 

hydrothermal iron-oxyhydroxides and phillipsite (Kato et al., 2010). Understanding global REE cycles at 

Earth’s surface, such as mobility of REEs through chemical weathering and their transport and deposition, 

will facilitate finding new REE deposits. At present, the mechanisms and factors controlling release, 

transport, and deposition of REE - the sources and sinks - at Earth’s surface remain unclear. 

Weathering of continental rocks is important in global elemental cycles including REEs. During 

the transformation of bedrock into soils, REEs are leached into natural waters and transported to oceans. 

The REE hosted in easily weathered minerals become depleted from soil profiles at early stages of rock 

alteration, while those in relatively stable mineral phases remain in the solid soils for longer duration. The 

retention of dissolved REEs on soils and suspended particles in water, however, also depends on their 

affinity to secondary phases, especially Fe/Al oxyhydroxides and phosphate phases. In shales, especially 

organic-rich black shales, REE and other trace metals are largely associated with phosphates, carbonate, 

and clay minerals (e.g., Lev and Filer, 2004). The presence of organic matter, carbonates and sulfides in 

shales greatly enhances the release of REEs and other metals to surface environments during shale 

weathering. For example, our previous REE study has shown that significant amounts of REEs are 

released and mobilized during gray shale weathering in central Pennsylvania (Ma et al., 2011). 

The formation of soils has long been considered as a function of climate, topography, organisms, 

type of parent material, and soil age (Jenny, 1941). A gradient approach has often been used to understand 

the influence of each variable (e.g. Bockheim, 1980; Birkeland, 1999; Williams et al., 2010), including 

chronosequences (age) and climosequences (climate). Here, we systematically studied soil profiles and 

bedrock in seven watersheds that are developed on gray shale bedrock along a climate transect in the 

eastern USA and Wales (Fig. 1) to constrain the mobility and fractionation of REE during early stages of 

chemical weathering. In addition, one site on black shale bedrock in Pennsylvania was included to allow 

comparison of behaviors of REEs in the organic-rich vs. organic-poor shale end members under the same 

environmental conditions. Our main objectives are to investigate: 1) the abundance of REEs in both gray 

and black shales and the dissolution kinetics of these REE-bearing minerals along the climate gradient 2) 

the biogeochemical and hydrological conditions (such as cation exchange capacity, dissolved organic 

carbon and pH) that dictate the mobility and fractionation of REEs in surface and subsurface 
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environments (Patino et al., 2003; Ma et al., 2011), and 3) the retention of REEs in soils under different 

redox conditions. This systematic study sheds light on the geochemical behaviors and environmental 

pathways of REEs during continental shale weathering. 

Figure 1. Location and climate information for shale transect sites used in this study (after
Dere et al., 2013). MAP=mean annual precipitation; MAT=mean annual temperature. 

2. Geological setting 

2.1. Sites description 

In this study, we used five field sites that were carefully selected by a previous study (Dere et al., 

2013) along a climate gradient primarily on the same shale unit within the Appalachian Mountains (New 

York (NY), Pennsylvania (PA), Virginia (VA), Tennessee (TN), and Alabama (AL)), holding other 

variables as constant as possible (Figure 1; Table 1). Two more field sites include a tropical site in Puerto 

Rico (PR) and a cold/wet site in Wales, United Kingdom. We intentionally focused on the same parent 

material bedrock composition by choosing sites that are located on Silurian gray shale, known as the Rose 

Hill Formation of the Clinton Group in NY, PA, and VA, the Rockwood Formation in TN, the Red 

Mountain Formation in AL, and the Gwestyn Formation in Wales. In PR, the Oligocene San Sebastian 

Formation was identified as the most stratigraphically and geochemically similar formation in PR to the 

Rose Hill Formation. In addition, a site on Devonian black shale (Marcellus Formation) was selected in 
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Huntington, PA and this site allows comparison of behaviors of REEs in the organic-rich and organic-

poor shale end-members under the same environmental conditions in Pennsylvania. 

Table 1. Shale weathering transect site characteristics (after Dere et al., 2013) 

Site Latitude Longitude Elevation 
(m) 

MAT 
(°C) 

MAP 
(cm) 

Soil 
thickness 

(cm) 

Soil 
residence 
time (ka) 

Wale, UK N52° 28.416 W3° 41.575 417 7.2 250 35 10 
New York 

(NY) 
N43° 1.739 W75° 16.609 269 8.3 106 220 10 

Pennsylvan 
ia (PA) 

N40° 39.931 W77° 54.297 297 10 107 28 17 

Virginia 
(VA) 

N37° 55.625 W79° 32.799 752 11 106 80 47 

Tennessee 
(TN) 

N36° 16.414 W83° 54.809 418 14 138 398 234 

Alabama 
(AL) 

N34° 25.375 W86° 12.400 241 16 136 220 129 

Puerto Rico 
(PR) 

N18° 18.050 W66° 54.401 366 24 234 613 253 

MAT=mean annual temperature, and MAP=mean annual precipitation. 

2.2 Climate gradient 

Mean annual temperature (MAT) and mean annual precipitation (MAP) were estimated for each 

site using data from proximal weather stations at similar elevations with at least 20 yr of complete records 

(Dere et al., 2013; Table 1). Along the east coast of United States, the climate is characterized by a cold 

and dry end-member in New York and a warm and wet end-member in Puerto Rico (Figure 1). Wales is 

an outlier, with low MAT but high MAP. Moreover, as discussed below, NY site was developed on 

glacial till, different from other sites. 

2.3 Soil residence time 

Soil residence time (SRT) is defined as the average time that a particle resides in a soil, after a 

soil is formed from a parent but before being eroded away. Thus SRT is a good estimate how long 

minerals in soil particles have been weathered. SRT of all soil profiles, reported by Dere et al. (2013) and 

discussed in Dere (2014), are summarized in Table 1 and introduced briefly below. The maximum SRT 

estimated is for the PR site (250 ka) where the largest climate transition occurred from marine isotope 

stage (MIS) 5 to the Last Glacial Maximum (LGM) (~ 5°C) (Imbrie et al., 1984). The other soils have an 

estimated SRT less than 100 ka. Over that time period, the largest climate change in North America 
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occurred during the transition from LGM to the present (Cadwell et al., 2004; Clark et al., 2004). The 

LGM directly impacted Wales and NY by glaciation, while PA was subjected to periglacial conditions 

until at least 15 ka (Ciolkosz et al., 1986; Clark and Ciolkosz, 1988; Gardner et al., 1991). Previous 

researchers have also found periglacial features present in VA and the Great Smoky Mountains in TN 

(King and Ferguson, 1960; Clark and Ciolkosz, 1988). For all our sites in this study, residual shale soil 

was developed on bedrock except for the NY where a parent material that consisted of locally-derived 

shale till. 

3. Methods 

3.1. Rock and soil sampling 

The rock and soil samples were previously collected and characterized for major chemistry, 

mineralogy, and soil properties including soil pH and bulk density (Dere et al., 2013). Sampling method 

is provided briefly below. 

Only ridge-top soils were selected for investigation to avoid the complexity of downslope 

sediment transport and thus changes in soil chemistry and mineralogy were entirely due to in-situ shale 

weathering (Jin et al., 2010). Soils used here are operationally as the material that can be augered or dug 

by hand. Saprock, the layer between a soil and underlying bedrock, was chemically altered and different 

from bedrock, but retain the bedrock layout and can not be augered (below layer of refusal). At the grey 

shale site in PA, Jin et al. (2011) argued that fresh bedrock was only encountered at depths of 26 m at 

ridges and that an intervening layer of “saprock” was found between fresh bedrock and soil. The 

weathering profiles in Wales and PA are comprised of a soil overlying rock without intervening saprolite. 

Soils in NY are developed from glacial till. In VA, soil is developed from shale that extends right into the 

weathered sandstone layer below (~80cm deep). Weathering profiles in TN, AL, and PR consist of soils 

overlying saprolite. Field augering did not penetrate into saprock or fresh bedrock beneath the soils at TN, 

AL, and PR. 

Soil samples were collected using a 5-cm diameter hand auger from the mineral soil surface to the 

depth of refusal, where auger penetration is impossible. Soils were sampled at 5-cm interval in the upper 

20 cm of the soil and then at 10-cm interval below that. The organic horizon was collected separately by 

hand before augering and the interface between the organic and mineral horizon was defined as depth 0 

cm. In addition to hand augering, soil pits were hand dug as deeply as possible (maximum depth of 2 m) 

and described (Soil Survey Staff, 1993). 

To constrain parent composition, bedrock samples were collected both from outcrops nearly and 

from soil pits as chips. A drill core (DC-1) at the PA site (Shale Hills catchment) was used and deep 

portions are characterized as the gray shale parent bedrock. At the black shale site in PA, rock chips from 

4
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Table	  2. REE and	  Zr concentrations	  (in	  ppm) of parent materials including shale chips and deepest soils from the soil profile
and local	  outcrops.

Sample
Name

	  
	  

	  
	  

Site

	  

	  
	  

	  
	  

	  

Type La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Zr
Wales Q31-‐35 deepest soil 54.0 132.0 13.3 47.3 8.3 1.9 6.5 1.0 5.6 1.2 3.4 0.5 3.3 0.5 166.0

Q-‐RF shale	  chip 21.3 55.3 5.9 22.5 4.9 1.2 5.1 0.8 5.4 1.1 3.5 0.5 3.3 0.5 164.0

	  
	  

ALD-‐10-‐01 local	  outcrop 34.5 73.5 7.7 25.8 5.4 1.4 5.2 0.9 5.5 1.2 3.2 0.5 3.1 0.5 157.0

	  

ALD-‐10-‐02 local	  outcrop 212.0 454.0 53.8 177.0 29.4 5.8 15.0 1.7 8.2 1.4 3.7 0.5 3.4 0.5 164.0
ALD-‐10-‐03 local	  outcrop 17.6 43.9 5.1 18.4 3.9 1.0 3.6 0.6 4.2 0.9 2.6 0.4 2.8 0.4 164.0
ALD-‐10-‐04 local	  outcrop 69.5 163.0 19.4 65.9 12.1 2.5 7.5 1.0 5.9 1.2 3.3 0.5 3.3 0.5 219.0
ALD-‐10-‐06 local	  outcrop 55.6 103.0 10.8 33.8 6.0 1.4 5.0 0.9 5.4 1.1 3.2 0.5 3.3 0.5 190.0
ALD-‐10-‐07 local	  outcrop 19.2 42.3 4.7 17.1 4.3 1.1 4.6 0.8 5.4 1.2 3.4 0.5 3.5 0.5 207.0
ALD-‐10-‐08 local	  outcrop 17.9 35.9 3.9 13.3 3.1 0.9 4.1 0.8 5.1 1.1 3.2 0.5 3.2 0.5 180.0
ALD-‐10-‐09 local	  outcrop 19.5 44.9 5.5 20.3 4.8 1.2 4.7 0.8 4.9 1.1 2.9 0.5 3.0 0.5 169.0
ALD-‐10-‐33 local	  outcrop 39.3 86.7 9.8 33.9 6.8 1.6 5.3 0.8 5.1 1.1 2.9 0.5 3.1 0.5 137.0

Ave 50.6 110.3 12.7 42.8 8.1 1.8 6.0 0.9 5.5 1.1 3.2 0.5 3.2 0.5 175.1

	  

	   Stdev 59.4 126.8 15.2 49.5 7.9 1.5 3.3 0.3 1.0 0.1 0.3 0.0 0.2 0.0 24.4
PA	   SPRT	  2030	   deepest soil/gray shale 36.9 70.8 9.5 31.2 6.1 1.1 4.7 0.9 4.6 1.0 2.9 0.4 2.9 0.4 246.0

Average DC-‐1 local	  bedrock/gray	  shale 50.5 98.9 13.2 46.1 9.0 1.7 7.3 1.2 6.3 1.4 3.8 0.5 3.8 0.6 178.0
AF-‐1-‐15 deepest soil/black shale 47 106 11.4 43.8 8.7 1.67 7.56 1.12 6.51 1.28 3.62 0.5 3.6 0.55 146.0
AF-‐1-‐17 local	  bedrock/black	  shale 68.7 241 17.8 72.1 15.7 3.39 15.3 2.33 13 2.57 7.01 1.05 6.9 1.08 159.0

NY ALD-‐10-‐40 deepest soil 17.9 41.5 4.9 19.0 4.4 0.9 3.9 0.6 3.5 0.7 2.0 0.3 1.9 0.3 299.0
VA MT-‐09-‐39 deepest soil 69.4 126.0 15.1 58.7 11.7 2.6 14.8 2.4 15.0 3.3 9.3 1.3 7.7 1.1 882.0

TSW-‐1163 local	  outcrop 52.6 108.0 13.3 45.2 8.6 1.6 6.5 1.1 7.3 1.6 4.7 0.8 4.9 0.8 311.0
TSW-‐1164 local	  outcrop 53.5 116.0 14.0 48.3 8.9 1.7 6.5 1.1 7.1 1.6 4.5 0.7 4.8 0.7 338.0
TSW-‐1165 local	  outcrop 48.5 98.4 12.2 42.1 8.7 1.8 7.2 1.2 7.5 1.6 4.7 0.8 4.8 0.7 217.0

Ave 51.5 107.5 13.2 45.2 8.7 1.7 6.7 1.1 7.3 1.6 4.6 0.7 4.8 0.7 288.7

	  

	  

	  

Stdev 2.7 8.8 0.9 3.1 0.2 0.1 0.4 0.1 0.2 0.0 0.1 0.0 0.1 0.0 63.5
TN	   ALD-‐11-‐432	   deepest soil 53.1 112.0 13.6 49.3 9.2 1.7 8.2 1.3 7.9 1.6 4.7 0.7 4.4 0.7 268.0

ALD-‐10-‐432 shale	  chip 51.6 103.0 12.4 48.2 8.6 1.7 8.3 1.2 7.3 1.6 4.6 0.7 4.4 0.7 261.0
TSW-‐1212 local	  outcrop 56.2 114.0 14.6 50.8 10.0 1.9 8.0 1.3 7.9 1.7 4.7 0.7 4.7 0.7 256.0
TSW-‐1213 local	  outcrop 53.2 105.0 13.3 45.1 8.6 1.6 6.8 1.1 7.1 1.5 4.5 0.7 4.5 0.7 247.0
TSW-‐1214 local	  outcrop 54.6 112.0 14.2 49.0 9.5 1.9 7.6 1.2 7.7 1.6 4.5 0.7 4.6 0.7 272.0

Ave 53.9 108.5 13.6 48.3 9.2 1.8 7.7 1.2 7.5 1.6 4.6 0.7 4.6 0.7 259.0
	   	   Stdev 2.0 5.3 1.0 2.4 0.7 0.1 0.7 0.1 0.4 0.1 0.1 0.0 0.1 0.0 10.4

AL	   ALD-‐11-‐508	   deepest soil 75.9 99.0 17.9 86.9 21.4 4.6 17.6 1.7 6.9 1.0 2.5 0.3 2.2 0.4 148.0
ALD-‐10-‐2025 local	  outcrop 57.8 110.0 15.6 54.6 12.1 2.5 11.1 1.8 10.1 2.1 5.5 0.8 5.2 0.8 165.0
ALD-‐10-‐2026 local	  outcrop 60.1 123.0 17.3 63.5 14.8 3.1 13.9 2.1 12.3 2.5 6.5 1.0 5.8 0.9 219.0
ALD-‐10-‐2028 local	  outcrop 50.7 99.5 13.1 45.3 9.1 1.8 7.5 1.2 7.3 1.6 4.4 0.7 4.3 0.6 226.0

Ave 56.2 110.8 15.3 54.5 12.0 2.4 10.8 1.7 9.9 2.1 5.5 0.8 5.1 0.8 203.3

	  

	  

	  

Stdev 4.9 11.8 2.1 9.1 2.9 0.6 3.2 0.5 2.5 0.5 1.1 0.2 0.8 0.1 33.4
PR ALD-‐11-‐92	   deepest soil 50.6 61.4 12.2 54.9 11.8 3.7 13.3 1.9 11.1 2.2 6.4 0.9 5.6 0.9 114.0

ALD-‐11-‐93 local	  outcrop 9.8 22.5 3.1 14.5 2.8 0.8 2.9 0.4 2.3 0.5 1.5 0.2 1.4 0.2 49.4
ALD-‐11-‐03 local	  outcrop 37.2 25.6 5.0 21.9 3.7 1.1 4.9 0.6 3.4 0.7 2.0 0.3 1.5 0.2 54.7

Ave 23.5 24.1 4.1 18.2 3.3 0.9 3.9 0.5 2.9 0.6 1.7 0.2 1.5 0.2 52.1
	  
	  

	  
	  

Stdev 19.4 2.2 1.3 5.2 0.6 0.2 1.4 0.1 0.7 0.2 0.4 0.0 0.1 0.0 3.7
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Table	  3. Ranges of REE concentrations	  (in	  ppm) in all eight	  soil	  profiles.

	  
Site

Total 
Depth
(cm) La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Total 
REE

Wales 35 N =5
Min 39.0	   90.9	   9.6	    31.2	   5.5	    1.27	   4.52	   0.73	   4.39	   0.88	   2.51	   0.37	   2.60	   0.38	   200.0	    

	  

	  

	  
	  

	  

	  

	  
	  

Max 54.0 132 13.3 47.3 8.3 1.87 6.45 1.02 5.61 1.16 3.37 0.50 3.30 0.46 278.6 

	   	  

Median 42.6 94.2 9.8 34.0 6.7 1.42 5.56 0.89 4.93 1.01 2.96 0.46 3.00 0.45 207.1 

	   	  

Stdev 5.9 17.0 1.6 6.5 1.0 0.24 0.76 0.11 0.51 0.11 0.36 0.05 0.26 0.03 33.0

PA (gray	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
shale) 25 N=3 

Min 36.9 70.8 9.0 31.0 5.7 1.10 4.71 0.85 4.63 1.02 2.92 0.39 2.90 0.43 173.4 
	  

	  

	  

	  

Max 42.4 82.8 10.6 36.0 6.8 1.20 5.47 0.98 5.34 1.13 3.34 0.45 3.30 0.52 200.3 
	  

	  

	  

	  

Median 37.6 72.0 9.5 31.2 6.1 1.10 4.75 0.86 4.74 1.03 2.97 0.39 3.10 0.43 174.7 
	  

	  

	  

	  

Stdev 3.0 6.6 0.8 2.8 0.6 0.06 0.43 0.07 0.38 0.06 0.23 0.03 0.20 0.05 15.2

PA	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

(Black
shale) 171 N=8 

Min 24.9 53.2 5.9 22.4 4.2 0.82 3.76 0.57 3.42 0.69 2.03 0.29 2.00 0.29 124.5 
	  

	  

	   Max 58.0 139 15.9 67.3 16.2 3.50 15.0 2.08 11.0 2.05 5.48 0.77 5.20 0.77 342.3 
	   	   Median 45.7 100 10.9 40.6 7.2 1.38 6.23 0.98 5.68 1.21 3.55 0.50 3.55 0.55 230.3 
	   	   Stdev 9.4 24.4 2.8 13.0 3.7 0.86 3.56 0.46 2.32 0.40 1.01 0.14 0.93 0.14 61.7

New	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
York 230 N=14

Min 17.9	   41.5	   4.9	    19.0	   4.0	    0.79	   3.30	   0.59	   3.54	   0.71	   1.97	   0.30	   1.90	   0.27	   101.9	    
	   	   Max 29.0 79.7 8.8 35.4 9.2 1.96 8.88 1.24 7.08 1.31 3.64 0.52 3.20 0.45 169.0 
	   	   Median 24.2 58.0 6.6 24.3 5.0 1.05 4.32 0.70 4.24 0.86 2.45 0.37 2.50 0.36 134.0 
	   	   Stdev 3.4 11.7 1.0 4.0 1.3 0.30 1.43 0.17 0.93 0.15 0.38 0.05 0.29 0.04 19.9

VA	   80	   N=8	    	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
Min 39.8	   85.4	   9.6	    38.5	   6.9	    1.40	   6.60	   0.92	   5.61	   1.22	   3.53	   0.52	   3.40	   0.55	   204.5	    

	   	   Max 69.4 126 16.8 65.9 19.4 6.54 47.1 9.25 51.7 10.6 27.8 3.93 19.2 3.15 469.7 
	   	   Median 49.8 105 11.7 45.4 8.4 1.76 8.70 1.29 8.00 1.75 5.10 0.72 4.80 0.74 252.5 
	   	   Stdev 10.9 15.4 2.6 10.0 4.1 1.72 13.6 2.83 15.5 3.17 8.13 1.15 5.25 0.87 87.8

TN	   398	   N=22	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
Min 39.5	   84.1	   9.8	    33.2	   5.9	    1.12	   5.27	   0.90	   5.83	   1.19	   3.33	   0.51	   3.50	   0.49	   194.8	    

	   	   Max 63.9 131 16.3 61.2 13.1 2.45 9.79 1.43 8.01 1.62 4.67 0.70 4.50 0.67 304.4 
	   	   Median 52.4 110 13.1 45.7 8.2 1.46 6.35 1.04 6.24 1.27 3.74 0.55 3.70 0.54 257.1 
	   	   Stdev 6.1 12.3 1.7 6.4 1.5 0.28 1.11 0.14 0.63 0.12 0.33 0.05 0.27 0.05 29.0

AL	   200	   N=12	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
Min 17.5	   30.8	   3.7	    14.7	   2.6	    0.54	   2.62	   0.37	   2.39	   0.54	   1.58	   0.22	   1.50	   0.23	   79.4	  

	   	   Max 123 163 34.2 187 47.0 10.2 37.7 3.68 13.5 1.80 3.93 0.45 2.70 0.42 627.8 
	   	   Median 55.1 70.8 12.6 57.0 13.2 2.87 11.0 1.13 4.65 0.79 2.31 0.31 2.25 0.35 227.8 
	   	   12.4 

	   	  
Stdev 36.4 45.1 11.2 61.9 15.9 3.49 2 1.17 3.81 0.42 0.72 0.07 0.38 0.06 191.7 

PR	   632	   N=18	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
Min 4.1	    8.9	    0.9	    3.7	    0.8	    0.25	   1.07	   0.19	   1.34	   0.34	   1.09	   0.18	   1.20	   0.19	   25.2	  

	   	   Max 73.2 108 17.8 79.6 17.0 5.30 18.1 2.54 14.5 2.88 7.98 1.10 6.50 0.97 355.5 
	   	   Median 7.0 26.2 1.9 8.2 1.8 0.52 1.87 0.31 1.91 0.44 1.48 0.23 1.75 0.28 54.0
	   	   Stdev 18.5 24.9 4.5 20.2 4.3 1.34 4.61 0.63 3.59 0.70 1.88 0.25 1.44 0.21 86.1
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Table	  4 Cation	  exchange capacity	  in	  soil	  profiles
Site Depth

cm

Al
mmol/ 
Kg

Ca
mmol/ 
Kg

Fe
mmol/ 
Kg

K
mmol/ 
Kg

Mg
mmol/ 
Kg

Mn
mmol/ 
Kg

Na
mmol/ 
Kg

Si
mmol/ 
Kg

Sr
mmol/ 
Kg

CEC	  

cmolc/kg

(Ca+Mg)/ 
Al

Wales 0 14.44 0.29 1.77 1.12 1.24 0.53 1.09 0.05 0.00 5.52 0.11
10 9.34 0.24 0.08 0.74 0.53 5.97 0.76 0.04 0.01 4.34 0.08
20 3.90 0.09 0.03 0.30 0.23 1.57 0.33 0.02 0.01 1.63 0.08
31 1.96 0.06 0.03 0.23 0.18 0.39 0.20 0.04 0.01 0.78 0.12

VA 0 4.13 4.56 0.01 1.75 1.06 10.74 0.05 0.06 0.03 4.72 1.36
10 4.33 1.29 0.01 0.58 0.46 5.04 0.01 0.06 0.02 2.74 0.40
20 7.56 0.81 0.01 0.41 0.30 2.62 0.00 0.08 0.01 3.09 0.15
30 19.49 1.28 0.02 0.69 0.95 1.22 0.02 0.15 0.02 6.67 0.11
40 24.70 1.49 0.02 0.85 2.16 1.20 0.01 0.17 0.02 8.54 0.15
50 24.07 0.83 0.02 0.94 2.77 0.60 0.03 0.16 0.02 8.23 0.15
60 15.45 0.28 0.02 0.63 1.99 0.33 0.00 0.09 0.01 5.26 0.15
70 12.62 0.21 0.02 0.58 1.67 0.56 0.00 0.07 0.01 4.37 0.15

TN 0 25.52 2.82 0.78 2.00 1.47 1.10 0.00 0.04 0.02 9.19 0.17
5 22.37 0.57 0.14 1.69 0.71 0.80 0.00 0.06 0.00 7.36 0.06
10 18.55 0.84 0.02 1.99 0.99 1.14 0.00 0.13 0.01 6.41 0.10
20 17.57 0.72 0.01 2.70 1.20 2.39 0.00 0.16 0.01 6.47 0.11
30 18.89 0.46 0.01 2.35 1.55 0.73 0.00 0.16 0.01 6.52 0.11
40 22.14 0.68 0.03 2.30 2.44 0.10 0.00 0.16 0.01 7.59 0.14
50 27.93 0.42 0.03 2.58 3.43 0.05 0.00 0.18 0.01 9.50 0.14
70 26.70 0.17 0.02 2.40 3.06 0.03 0.00 0.25 0.00 9.01 0.12
90 24.48 0.08 0.02 2.25 2.92 0.02 0.03 0.31 0.00 8.31 0.12
110 19.79 0.06 0.01 1.70 2.68 0.03 0.04 0.29 0.00 6.79 0.14
130 28.00 0.07 0.02 2.36 4.22 0.05 0.17 0.21 0.00 9.61 0.15
150 26.15 0.07 0.02 2.48 4.40 0.08 0.20 0.24 0.01 9.13 0.17
155 25.31 0.08 0.02 2.50 4.30 0.04 0.19 0.26 0.00 8.85 0.17
170 24.63 0.14 0.02 2.56 5.47 0.07 0.32 0.32 0.00 8.95 0.23
200 22.06 0.12 0.03 2.71 5.92 0.10 0.41 0.20 0.00 8.25 0.27
220 20.90 0.08 0.01 2.68 6.77 0.16 0.47 0.32 0.01 8.12 0.33
240 20.55 0.10 0.01 2.70 7.40 0.44 0.49 0.33 0.00 8.21 0.37
250 16.53 0.27 0.02 3.45 9.10 0.15 0.76 0.36 0.01 7.43 0.57
290 14.07 0.24 0.01 3.12 9.62 0.23 0.63 0.31 0.00 6.74 0.70
330 14.04 0.30 0.01 3.36 12.17 0.49 0.72 0.32 0.01 7.34 0.89
360 10.72 0.22 0.02 3.90 13.55 0.60 0.68 0.28 0.01 6.66 1.28
388 9.48 0.47 0.01 4.57 15.46 0.81 0.72 0.33 0.01 6.86 1.68

AL 0 4.49 1.51 0.03 1.21 0.48 0.90 0.00 0.02 0.01 2.07 0.44
10 3.89 0.71 0.02 0.89 0.40 0.85 0.00 0.04 0.01 1.67 0.28
20 6.27 0.80 0.01 0.97 0.37 0.83 0.00 0.09 0.01 2.42 0.19
30 13.19 1.26 0.05 1.89 0.92 0.81 0.00 0.14 0.02 4.81 0.17
40 13.89 1.39 0.03 2.08 3.27 0.70 0.00 0.22 0.02 5.54 0.34
70 25.27 0.55 0.02 1.57 6.70 0.19 0.00 0.51 0.01 9.44 0.29
90 27.80 0.38 0.01 1.15 4.68 0.19 0.00 0.73 0.01 9.80 0.18
100 29.00 0.26 0.02 1.19 3.74 0.11 0.04 0.67 0.01 9.92 0.14
120 33.01 0.25 0.01 1.20 3.32 0.13 0.01 0.76 0.01 11.07 0.11
140 22.33 0.70 0.02 0.97 2.16 0.33 0.02 0.49 0.02 7.64 0.13
155 26.92 0.14 0.03 0.83 1.71 0.03 0.00 0.54 0.01 8.76 0.07
180 26.13 0.58 0.03 0.92 2.35 0.08 0.00 0.66 0.01 8.81 0.11
200 25.61 0.68 0.02 0.94 2.35 0.32 0.04 0.49 0.01 8.66 0.12

PR 0 0.00 132.98 0.01 7.91 16.36 0.15 1.59 0.59 0.22 31.11 14934
8 0.00 117.53 0.02 4.60 13.40 0.13 1.91 0.54 0.20 27.11 13092
10 0.00 109.94 0.02 3.02 11.64 0.12 2.18 0.51 0.18 25.09 12158
15 0.00 98.92 0.01 2.39 10.22 0.08 2.86 0.47 0.18 22.58 10913
20 0.00 89.35 0.02 2.51 8.62 0.02 2.84 0.40 0.17 20.31 9797
30 0.00 83.89 0.02 2.66 7.27 0.01 2.44 0.32 0.15 18.89 9116
40 0.00 77.45 0.02 3.12 7.14 0.00 2.23 0.32 0.14 17.60 8458
50 0.00 82.95 0.01 9.79 16.63 0.00 4.51 0.28 0.17 21.48 9959
111 16.41 37.46 0.01 16.81 7.84 0.01 3.89 0.64 0.07 16.32 2.76
160 29.64 20.17 0.01 18.11 4.68 0.01 3.73 0.62 0.02 16.30 0.84
210 25.46 9.27 0.01 12.80 2.42 0.01 2.84 0.49 0.00 11.74 0.46
260 23.63 5.31 0.02 12.36 1.62 0.03 1.71 0.41 0.00 10.06 0.29
310 29.01 5.00 0.01 12.05 1.89 0.12 2.35 0.37 0.00 11.70 0.24
360 25.63 8.44 0.02 9.97 3.06 0.14 3.20 0.32 0.00 11.47 0.45
410 28.11 9.97 0.02 10.64 7.36 0.13 4.56 0.29 0.08 13.57 0.62
460 10.50 18.91 0.01 9.62 10.30 0.09 5.56 0.29 0.22 10.67 2.78
505 0.00 0.82 0.02 4.21 1.21 0.00 13.47 0.00 0.00 2.18 203



             

   

 

 

       

             

            

             

             

           

              

            

               

 

 

     

        

              

         

                

         

          

        

 

   

     

            

     

              

         

           

     

 

the bottom of a soil pit in Huntingdon, PA provided bedrock samples for the Marcellus black shale 

(Mathur et al., 2012). 

3.2. REE analysis 

For this study, bulk solid samples including rock fragments were air-dried and ground to pass 

through a 100-mesh sieve (<150 µm). REE abundances were measured by SGS Canada Inc. (Minerals 

Services Laboratory at Toronto, Ontario; method IMS95A). In this analysis, 0.1g of ground sample was 

fused at 950 °C with lithium metaborate and re-dissolved in dilute nitric acid. Resultant solutions were 

analyzed by inductively coupled plasma mass spectrometer (ICP-MS) for rare earth elements and Zr 

(analytical details can be found at www.ca.sgs.com). For quality assessment and control, randomly-

selected samples were run as duplicates and the precision was estimated at ±5%. In addition, two USGS 

rock standards (BCR-2 and W-2) were analyzed as unknown samples and reported REE concentrations 

were compared to reference values. The relative errors observed were less than 10%, except for Tm 

(~15%). 

3.3. Characterization of cation exchangeable capacity (CEC) 

Cation concentrations in the exchangble pools of the soils were characterized following the same 

procedure as Jin et al. (2010). Specifically, about 2.5 g of a sample were weighed into a 50-ml centrifuge 

tube and 25 ml of 0.1 M BaCl2-0.1 M NH4Cl solution were added. Slurry was shaken vigorously on the 

shaker table for 15 min, and then centrifuged at 2500 rpm for 20 min. The solution was filtered, weighed 

and analyzed by inductively coupled plasma optical emission spectrometry for major elements at the 

Low-Temperature Geochemistry Laboratory of the University of Texas at El Paso. Standards were 

prepared in 0.1M BaCl2–0.1M NH4Cl solution to ensure matrix matching. 

4. Results 

4.1. REE in shale parent materials 

Parent materials for the two PA sites (gray shale and black shale) have been previously discussed 

in details (Jin et al., 2010; Ma et al., 2011; Mathur et al., 2012). A drill core (DC-1) at the Shale Hills 

catchment was assumed to allow characterization of the gray shale parent bedrock: total REE contents in 

DC-1 are 220–276 ppm (average concentration: 244 ppm, ~40% higher than the North American Shale 

Composite; Table 2). REE-rich phosphate minerals (e.g., ~20 µm size particles) are commonly observed 

in the shale bedrock under scanning electron microscope (Ma et al., 2011). Rock chips (AF-1-17) from 

the bottom of a soil pit in Huntingdon, PA provided samples for the Marcellus black shale (Mathur et al., 
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Fig.	  2. REE patterns (normalized to PAAS composite) of deepest soil, rock chips, and
local outcrop samples for all eight study sites.



         

    

               

               

            

             

        

    

               

             

 

    

          

  

                

               

   

               

              

          

               

               

          

          

                 

     

 

       

           

          

                 

           

2012; Jin et al., 2013): total REE content is ~468 ppm (Table 2), ~100% higher than that of the Rose Hill 

gray shale at PA.

Unlike the shale parent materials in the PA sites that have been characterized for their REE 

contents, parent materials for the other soil profiles have been only studied for major element 

compositions (Dere et al., 2013; Dere, 2014). At each site, we selected rock chips collected from bottom 

of soil pits and rock samples collected from nearby outcrops to analyze for REE contents. These bedrocks 

are from the same or equivalent units of Rose Hill shales and their major elemental chemistry varies little 

among sites except for Ca (Dere et al., 2013), but REE contents vary significantly (Table 2). Indeed, the 

total REEs measured in all rocks range from 63 to 356 ppm, with an outlier of 966 ppm. Among all seven 

sites, Wales and PR bedrocks have the most variable REE contents. In addition to bedrock from local 

outcrops and rock chips in soil pits, the deepest soils in soil pits can be practically used as parent materials 

to study elemental mobility. 

Elemental concentrations of REE in rocks and deepest soils are normalized to Post-Archean 

Austrian Shale (PAAS), the well-known shale units (Figure 2). Overall, the patterns are flat, except for 

three outliers. One outcrop from Wales is really high in light REEs (LREE) while the deepest soils from 

AL and PR sites are more enriched in middle REEs (MREE). In this study, the deepest soil sample from 

the TN site show total REE content and REE distribution patterns similar to the rock fragments (Table 2 

and Figure 2), consistent with the inference that in general the deepest soil samples should be chemically 

most similar to the parent material. However, the assumed parent materials from the Wales, AL, and PR 

sites are significantly different from the deepest soils in respective soil profiles in that 1) total REE 

contents in these rock samples are too low compared to some soils to be considered as parent materials for 

REE and 2) general REE patterns are different from the above soil samples (Figure 2). Hence, we 

conclude that in this study, our selected rock samples from Wales, AL, and PR are not representative of 

the parent materials in term of REE contents. Our follow-up study is measuring REEs in other available 

rock samples from these sites (Dere et al., 2013) to better constrain the REE parent compositions. In the 

following discussion, we will use the deepest available soil samples from each site as the assumed parent 

materials for REE contents. 

4.2. Total REE in eight soil profiles 

Northern sites of the shale weathering transect (Wales, PA, NY, VA) have relatively thin soil 

profiles with soil thickness ranging from 30 to 80 cm, except for the NY site which is developed on 

glacial till (soil thickness = 230 cm) and for the PA black shale site (soil thickness = 170 cm) (Table 1). In 

contrast, southern sites (TN, AL, PR) have much thicker soils, up to 600 cm. 

10
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Fig.	  3.	  Depth	  profiles	  of	  total	  REE	  content	  (in	  ppm)	  in	  all	  eight	  study	  sites.	  



          

                 

               

              

            

         

 

    

         

        

                

           

             

     

             

         

                

                

               

        

              

        

 

     

            

 

  

Total REE contents vary significantly with depth and also among eight soil profiles (Figure 3). 

Total REE contents in the Wales, PA and VA profiles range from ~ 170 to 340 ppm. REE contents in the 

PA black shale profile (124-243 ppm) show more variability as compared to the PA gray shale site (173-

200 ppm); REE contents in the NY profile have a much narrower range from 102 to 169 ppm. REE 

contents generally decrease towards the surface, but for PR, AL, PA-black and VA sites, slight higher 

REE concentrations are observed at depth right above the depth of auger refusal (i.e., the deepest soil). 

4.3. REE patterns in the soils 

REE patterns of soil samples are normalized to those of their responding parents (the deepest 

soils, for the reasons discussed in Section 4.1) (Figure 4). Three northern sites (Wales, PA, and NY) and 

TN have relatively flat pattern, with concentration ratios of soils to parent close to 1. This indicates the 

degree of REE depletion is low and also REEs are lost proportionally (without fractionation) during soil 

genesis and rock weathering. In contrast, three southern sites (VA, AL, and PR) have significantly 

deviated from parent composition in both total concentrations and REE patterns. Indeed, for different 

depths in each weathering profile, soils are depleted in REEs at shallow depths while deeper soils are 

enriched, consistent with Figure 3. Moreover, for a given soil sample normalized to parent, the REE 

pattern is not flat. For example, most of soils in VA site experience more loss (proportionally) in heavy 

REE (HREE) than in LREE and MREE. For AL and PR sites, however, most soils are more depleted in 

the LREE. At each site, soils that are enriched in REE exhibit REE patterns that are complementary to 

those shown in soils of REE losses. For the PA-black shale (Marcellus shale) site, soils with lower REE 

contents are depleted in MREE, and soils that accumulate REE are more enriched in MREE. For soils at 

the PR site, Ce shows strong positive anomaly. 

4.5. CEC of soil profiles 

The CEC of soils vary among sites and also with depth (Table 4). CEC is overall higher at PR 

than at other sites; within PR site, CEC decreases sharply with depth. Soils from other sites have relative 

lower CEC, and the depth trends are also variable. 

The  soil  pH  values  were  measured  and  reported  by  Dere  et  al.  (2013)  and  they  ranged  from  2.8  to  

3.8 for  all  sites  except  for  PR.  PR  soils were  less acidic, with pH  ranging  from  4  to  5.5.  The  relative  

concentrations  of  cations  that  are  adsorbed  to the exchangeable sites are  pH-dependent:  higher  

proportions  of  divalent  cations  are  observed in soils  with higher  pH  but  Al  predominates  in soils  at  lower  

pH  (Appendix Figure  1).  Dere  et  al.  (2013)  reported  up  to  20  wt.%  of  Ca  in  PR  shales,  much  higher  than  

those in other Rose Hill transect sites (< 1 wt%). This explains  higher  pH  and  CEC,  as  well  as  higher  

(Ca+Mg)/Al  ratios  in  the e xchangeable s ites  at  PR.   

12
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Fig.	  4. REE patterns (normalized to deepest soil in each soil profile) of soils from all
eight study	  sites.



 

  

     

            

           

                 

          

             

      

                    

            

           

         

             

 

          

          

                 

           

           

            

                 

      

               

       

               

               

       

         

   

            

5. Discussion 

5.1. REE mobility during shale weathering 

One method for determining the extent of REE mobility is to measure the REE concentration 

change from an observed soil profile relative to the original concentrations in unweathered rock (April et 

al., 1986; Brimhall and Dietrich, 1987; Brimhall et al., 1992; White et al., 1998; Brantley et al., 2008; 

Brantley and White, 2009; Brantley and Lebedeva, 2011). Using this approach, relative changes in the 

concentration of the REE are compared to the concentration of an immobile element not involved in 

weathering. This approach has been used to estimate weathering extents of the dominant crystalline rocks 

(granite and basalt) as well as shale (e.g. April et al., 1986; White et al., 2001; Chadwick et al., 2003; Jin 

et al., 2010). The method is contingent upon the proper identification of the parent material. 

The mass transfer coefficient, τ, is calculated to assess the mobility of REEs. The τ values can 

correct changes in elemental concentrations due to the effects of expansion/compaction and due to 

changes in other elements in the soils (Brimhall and Dietrich, 1987; Anderson et al., 2002): 

(Eq.  1)  

Positive τi,j values indicate enrichment of element j, negative values mean depletion and zero 

means element j is immobile in the weathered soils (w) with respect to parent (p). Moreover, if τi,j is 

negative, it equals the fraction of element j that was lost from the soil and the relative enrichment factor 

for element j if τi,j is negative. The local outcrop bedrock samples, assumed parent materials as discussed 

above, are quite heterogeneous for each site, especially Wales. This suggests the trace metals in shales are 

quite variable and probably sensitive to local environments. Thus, we used the deepest soil sample from 

each profile for the τi,j calculation (p). Zr is used as immobile element i. The τi,j values computed for all 

profiles are reported in Table 5 and plotted in Figure 5. 

The total REE and τi,j REE values at the NY site vary with depth and show a pattern that is 

distinct from the rest of sites, probably due to the nature of the region. NY site is on a glacial till so soils 

from this site might be developed on sediments of mixed bedrocks at all depths while at other sites soil 

development starts with the bedrock from depth. The NY site is not included in the comparison along the 

climatic gradient due to its unique nature of parent material. 

A lower degree of REE depletion, up to 30%, is observed in soils of northern sites (Wales, PA-

gray shale, PA-black shale). Between two sites in PA, black shales are more depleted than the gray shales 

(Figure 5). More extensive losses are observed in the southern sites. About 40% of REE are leached from 
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	  Wales 	  Q-‐0-‐10 10 229 159 	  -‐0.14 0.88 	  0.52 -‐2528 -‐253
Q-‐10-‐20 20 202 169 -‐0.29 1.10 0.14

	   Q-‐20-‐30 30 200 176 -‐0.32 1.24 -‐0.02 	   	  
	   Q-‐30-‐31 31 207 175 -‐0.29 1.25 -‐0.02 	   	  
	   Q-‐31-‐35 35 279 166 0.00 1.28 0.00 	   	  
	  PA (gray shale) SPRT 0010 5 175 273 -‐0.09 0.99 0.21 -‐98	   -‐6	  

SPRT 1020 15 200 275 0.03 1.21 -‐0.02
	   SPRT 2030 25 173 246 0.00 1.33 0.00 	   	  

PA (Blac	  k shale) AF-‐1-‐ 1 2 124 85 -‐0.12 0.89 2.19 -‐1042	   -‐61	  
AF-‐1-‐ 3 41.5 184 132 -‐0.16 1.44 0.27

	   AF-‐1-‐ 5 58 201 149 -‐0.19 1.51 0.07 	   	  
	   AF-‐1-‐ 7 73.5 235 170 -‐0.17 1.55 -‐0.08 	   	  
	   AF-‐1-‐ 9 104 342 154 0.33 1.60 -‐0.02 	   	  
	   AF-‐1-‐ 11 132.5 226 141 -‐0.04 1.63 0.05 	   	  
	   AF-‐1-‐ 13 150.5 236 150 -‐0.05 1.64 -‐0.02 	   	  
	   AF-‐1-‐ 15 170.5 243 146 0.00 1.65 0.00 	   	  
	  VA MT-‐09-‐32 10 242 976 -‐0.35 1.05 0.33 -‐4925	   -‐105	  

MT-‐09-‐33 20 239 977 -‐0.36 1.23 0.13
	   MT-‐09-‐34 30 205 742 -‐0.28 1.33 0.38 	   	  
	   MT-‐09-‐35 40 206 672 -‐0.20 1.40 0.44 	   	  
	   MT-‐09-‐36 50 263 800 -‐0.14 1.45 0.17 	   	  
	   MT-‐09-‐37 60 284 871 -‐0.15 1.49 0.05 	   	  
	   MT-‐09-‐38 70 470 1000 0.22 1.52 -‐0.10 	   	  
	   MT-‐09-‐39 80 338 882 0.00 1.54 0.00 	   	  
	  TN ALD-‐09-‐17 5 195 317 -‐0.39 1.12 0.28 8576	   37	  

ALD-‐09-‐18 10 222 343 -‐0.35 1.20 0.11
	   ALD-‐09-‐02 20 221 305 -‐0.28 1.31 0.14 	   	  
	   ALD-‐09-‐03 30 228 297 -‐0.23 1.39 0.10 	   	  
	   ALD-‐09-‐04 40 247 289 -‐0.15 1.44 0.09 	   	  
	   ALD-‐09-‐05 50 252 269 -‐0.06 1.48 0.14 	   	  
	   ALD-‐09-‐07 70 273 263 0.04 1.54 0.13 	   	  
	   ALD-‐09-‐09 90 304 253 0.20 1.57 0.15 	   	  
	   ALD-‐09-‐11 110 268 273 -‐0.02 1.60 0.04 	   	  
	   ALD-‐09-‐13 130 207 245 16-‐0. 1.62 150. 	   	  
	   ALD-‐09-‐15 150 265 222 0.19 1.63 0.26 	   	  
	   -‐ALD-‐09 16 155 262 213 0.23 631. 0.31 	   	  
	   ALD-‐09-‐64 170 297 212 0.40 1.64 0.31 	   	  
	   ALD 10 67-‐ -‐ 200 269 216 0.24 1.66 0.27 	   	  
	   ALD-‐10-‐70 220 285 213 0.34 1.66 0.29 	   	  
	   ALD-‐10-‐73 240 243 167 0.46 1.67 0.63 	   	  
	   ALD-‐10-‐75 250 247 151 0.63 1.67 0.80 	   	  
	   ALD-‐11-‐401 270 234 209 0.12 1.68 0.30 	   	  
	   ALD-‐11-‐404 300 245 280 -‐0.13 1.69 -‐0.03 	   	  
	   ALD-‐11-‐426 340 275 289 -‐0.05 1.69 -‐0.07 	   	  
	   ALD-‐11-‐429 370 293 268 0.09 1.70 0.00 	   	  
	   ALD-‐11-‐432 398 268 268 0.00 1.70 0.00 	   	  
	  AL ALD-‐10-‐114 10 79 258 -‐0.87 1.04 -‐0.13 -‐23785	   -‐184	  

ALD-‐10-‐115 20 124 337 -‐0.84 1.14 -‐0.39
	   ALD-‐10-‐116 30 143 372 -‐0.83 1.22 -‐0.48 	   	  
	   ALD-‐10-‐117 40 159 258 -‐0.73 1.28 -‐0.29 	   	  
	   ALD-‐10-‐118 50 207 264 -‐0.66 1.33 -‐0.33 	   	  
	   ALD-‐10-‐121 70 457 244 -‐0.18 1.40 -‐0.31 	   	  
	   ALD-‐10-‐123 100 474 180 0.15 1.47 -‐0.11 	   	  
	   ALD-‐10-‐125 120 628 173 0.59 1.50 -‐0.10 	   	  
	   ALD-‐10-‐127 140 610 161 0.66 1.53 -‐0.05 	   	  
	   ALD-‐10-‐129 155 203 119 -‐0.25 1.54 0.27 	   	  
	   ALD-‐11-‐506 180 249 158 -‐0.31 1.57 -‐0.05 	   	  
	   ALD-‐11-‐508 200 338 148 0.00 1.58 0.00 	   	  
	  PR ALD-‐11-‐13 8 28 135 -‐0.90 0.96 0.49 -‐129575	   -‐512	  

ALD-‐11-‐14 10 27 119 -‐0.89 0.99 0.64
	   ALD-‐11-‐15 15 33 128 -‐0.87 1.06 0.42 	   	  
	   ALD-‐11-‐16 20 26 128 -‐0.90 1.12 0.35 	   	  
	   	   	  

Site Sample Depth
cm

Total REE
ppm

Zr
ppm

Tau	  REE Bulk	  density
g/cm3

Strain Mj Rate
ng/cm2/yrµg/cm2

Table	  5. Mass	  of RE depletion	  (mj,w) and	  REE release	  rates	  in studied	  sites	  
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16	  
	  

ALD-‐11-‐17	  

	  

30	   26	   128	   -‐0.90	   1.21	   0.25	  

	  

	   ALD-‐11-‐18	   40	   26	   131	   -‐0.90	   1.28	   0.16	   	   	  

	  

	   ALD-‐11-‐19	   50	   25	   128	   -‐0.91	   1.33	   0.14	   	   	  
	   ALD-‐11-‐25	   111	   43	   130	   -‐0.84	   1.50	   -‐0.01	   	   	  
	   ALD-‐11-‐30	   160	   54	   117	   -‐0.78	   1.56	   0.06	   	   	  
	   ALD-‐11-‐38	   210	   63	   120	   -‐0.75	   1.60	   0.01	   	   	  
	   ALD-‐11-‐43	   260	   54	   115	   -‐0.78	   1.62	   0.03	   	   	  
	   ALD-‐11-‐48	   310	   59	   117	   -‐0.76	   1.64	   0.01	   	   	  
	   ALD-‐11-‐53	   360	   77	   114	   -‐0.67	   1.66	   0.02	   	   	  
	   ALD-‐11-‐58	   410	   65	   125	   -‐0.75	   1.67	   -‐0.07	   	   	  
	   ALD-‐11-‐63	   460	   107	   131	   -‐0.61	   1.67	   -‐0.12	   	   	  
	   ALD-‐11-‐76	   505	   123	   119	   -‐0.50	   1.68	   -‐0.03	   	   	  
	   ALD-‐11-‐86	   580	   355	   105	   0.63	   1.69	   0.09	   	   	  
	   ALD-‐11-‐92	   632	   237	   114	   0.00	   1.69	   0.00	   	   	  
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Fig.	  5.	  Tau	  profiles	  for	  soils	  of	  the	  eight	  study	  sites.	  
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top-soils at TN and VA. After that, soils slowly reach parent composition at about 80cm, but show 

variation at deeper depths. REE is almost 100% depleted from shallow soils at AL and PR. In general, the 

degrees of REE loss in shallow soils increase significantly from the northern sites to the southern sites, 

with climatic conditions in general becoming warmer and wetter along the climate transect. 

The northern site soils (Wales and PA) show relative simple depletion patterns: the degree of 

REE depletion increase towards the surface. In the southern sites where soils are thicker (VA, AL and 

PR), REE shows depletion-addition profiles: REEs are leached from shallow soils but accumulate at 

deeper depths. The different behavior of REE in deeper soil profiles is further discussed in Section 5.3. 

5.2. REE release rates along the climate transect 

To quantitatively assess the loss of REE from each profile, the total mass of REE depletion at 

each site, mj,w is calculated using the following equation (Brimhall and Dietrich, 1987; Egli and Fitze, 

2000; Herndon et al., 2011): 

(Eq.  2)  

Here ρP and ρw are the bulk density of parent materials (p) and weathered soil. Negative mj,w values mean 

overall depletion of j from the entire soil profile while positive values mean net accumulation. The strain 

factor, ε(z), is volume change factor, for depth z of the profile and can be calculated as: 

   

Ci,wρwε(z) = −1
Ci, pρp (Eq.  3)  

Where positive ε values indicate soil expansion while negative ε values indicate soil compaction. 

However, if ε is 0, this suggests that soil genesis is an isovolumetric process. 

Once the mass loss of an element has been calculated using Equation 2, an estimation of the 

duration of weathering allows determination of an elemental release rate, Rj (White, 2002; Brantley and 

White, 2009; Brantley and Lebedeva, 2011): 

  

m j,w =R j SRT
 (Eq. 4) 

Similar exercise using above equations have been reported for major elements by Dere et al. (2013) and 

Dere (2014). Mj,w and Rj data are presented in Table 5, and Rj are plotted against MAT and MAP in 
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Fig. 6. REE release rates vs. MAT and MAP



                 

        

               

           

           

        

               

          

             

               

     

     

                

        

               

               

            

 

        

                  

 

    

             

     

             

                   

               

       

           

            

    

        

               

              

Figure 6 for REEs. The loss rate of REE (Rj) ranges from 6 to 510 ng cm-2 yr-1, with one exception where 

37 ng cm-2 yr-1 of REE are accumulated at TN. 

Strong correlation is observed between Rj and MAT and between Rj and MAP (Fig. 6): higher 

precipitation and coupled higher air temperature enhance the leaching rates of REEs. Wales site is slightly 

off the trend, where lower MAT is compensated by high MAP. Similar correlations between mineral 

dissolution rates and environmental variables have been reported for major minerals or elements in rock 

types such as shales, basalts and granite (White and Blum, 1995; Williams et al., 2010; Rasmussen et al., 

2011; Dere et al., 2013). MAP indicates availability of water, which can transport weathering products 

out of soils and promote future mineral dissolution. MAT dictates soil temperature, which is correlated to 

faster dissolution kinetics, especially for reactions with high activation energy. This study, for the first 

time, reported the dependence of REE release rates on climate conditions, and significant release of REE 

during shale weathering, especially under warm and humid conditions. 

In addition, two PA sites have similar MAT and MAP, but black shale weathers fast and loses 

more REE than gray shales (Figure 6). This observation, in agreement with differences observed in major 

elements between two sites, suggests faster dissolution in OM-rich and sulfide-rich black shales. The net 

accumulation of REE at TN is unexpected. This could suggest either that dust inputs contribute an 

important flux of REEs or/and that parent materials at this location in heterogeneous and the deepest soil 

is not representative. The latter is unlikely given that TN parent samples that are collected from outcrops 

in close proximity and rock fragments from the soil pits have similar REE concentrations and patterns. 

Future study is needed to evaluate the sources of REE and quantify the flux of REE from dusts. 

5.3. REE fractionation during shale weathering 

Previous studies indicate aqueous REE signatures are inherited from rock REE signatures during 

weathering, but systematic fractionation of REEs commonly occurs during transport, and deposition 

(Nesbitt, 1979; Eldereld et al., 1990; Nesbitt and Markovics, 1997; Shiller, 1997; Land et al., 1999; Viers 

et al., 2000; Aubert et al., 2001; Hannigan and Sholkovitz, 2001; Compton et al., 2003; Bau et al., 2004; 

Johannesson et al., 2004; Andersson et al., 2006; Stille et al., 2006). Numerous environmental factors are 

known to control REE fractionation and redistribution including soil pH, complexation, adsorption and 

re-precipitation. For example, REEs are more soluble and MREEs are more enriched than LREEs and 

HREEs at acidic conditions. In addition, enhanced mobility of certain REEs can be due to preferred 

dissolution of REE-rich trace minerals. Indeed, phosphate minerals, such as rhabdophane, dissolve to 

preferentially release MREE from shales (Ma et al., 2011). 

Soils at the northern sites have experienced low extent of weathering, as no significant loss is 

observed for major minerals and also for REEs (Dere et al., 2013; Figure 4). In the southern sites, more 
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REE is depleted from soils and REE is more systematically fractionated. For PR and AL sites, 

particularly, LREE and MREE are more depleted in shallow soils but enriched in deeper ones. When 

these samples were collected, a clayey layer was reached at the bottom of the pit to prevent from digging 

and augering further. Also, more clays and Fe-oxyhydroxide are present in these soil profiles (Dere et al., 

2013; Dere, 2014). This study observed much higher CEC in PR site, indicative of higher clay contents. 

Thus we suggest that elemental fractionation within the REE group is induced when soluble REE is 

adsorbed to secondary Fe phases and clays. 

Soils from the VA site, however, are more depleted in HREE at shallow depths and enriched in 

deeper depths. REEs form more stable solution complexes with increasing atomic numbers (Wood, 1990; 

Lee and Byrne, 1993; Luo and Byrne, 2004), making solutes HREE enriched and leaving the residue 

more LREE enriched. Thus it is reasonable to assume that REEs are mobilized by chelating with other 

ions including dissolved organic matter. 

Ce has more than one oxidation state and this gives rise to redox-induced Ce anomalies and thus 

records changes of redox conditions in geological processes (e.g., Brookins, 1989; McLennan, 1989; 

Prudencio et al., 1995; Bau, 1999; Patino et al., 2003; Ma et al., 2011). Ce anomaly observed in PR and 

AL probably points to the fluctuation in reduction-oxidation conditions in these sites, due to high MAP 

and thick soil profiles. Dere et al. (2013) and Dere (2014) have reported redoximorphic features in these 

soils. 

6. Summary 

We systematically studied REE mobility and fractionation during shale weathering along a 

climate gradient. About 30 bedrock samples and 90 soil samples from eight study sites in eastern USA 

and Wales, UK were analyzed for REE and other trace element concentrations and selected soil and 

bedrock samples were characterized for cation exchange pools (such as Ca, Mg, K, Na, Al, Fe) in this 

study. Mass balance models were applied to quantify the release rates of REE from each site. The results 

show that both temperature and precipitation governs the dissolution rates of REE-bearing minerals, and 

thus the overall loss of REE. Significant release of REE is observed during shale weathering, especially 

under warm and humid conditions. In two PA sites of similar climate conditions, black shales tend to be 

more depleted of REE than gray shales. REE fractionation is more pronounced in southern sites where 

more REE is lost under warm and humid conditions, and general patterns suggest more complex 

depletion and accumulation of REE in soil profiles. This study improved our understanding of the 

geochemical behaviors of these critical elements during chemical weathering by studying solid 

weathering products and parent materials. Shale weathering on continents is an important component to 

understand global REE cycles at Earth’s surface. Future studies are needed to characterize the transport 
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and deposition of REE from shale weathering, especially those on REE-bearing trace minerals on 

microscopic scales and on REE mobilization by natural waters. 
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Fig	  A1.	  CEC	  (Ca+Mg)/CEC	  Al	  vs.	  soil	  pH	  
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